ABSTRACT: A mixture of biomass ash (BA) and calcium carbide residual (CCR) was used as a cementing agent for stabilization of soft Bangkok clay. The improvement in unconfined compressive strength of stabilized clay depends on the initial soil water content, binder content (B), CCR:BA ratio, and curing time. The strength improvement can be classified into two zones: active and inert. In the active zone (B = 5-15%), the Ca(OH) 2 content from the CCR is high and there are insufficient natural pozzolanic materials in the clay for the reaction. The input of BA increases the SiO2 content and induces the strength development. In the inert zone, (high binder content, B > 15%), the free lime causes unsoundness and results in insignificant strength development. The hydration products from the pozzolanic reaction (ettringite and a calcium aluminate silicate hydrate compound, gismondine) are identified by microstructural analysis via X-ray diffraction (XRD), scanning electron microscope with energy dispersive X-ray spectroscopy (SEM with EDS), and X-ray fluorescence. SEM images show the compact morphology of the stabilized clay as the result of the increase in curing time and binder content. Over time, the cementitious products fill in the pore space, causing denser morphology and higher cementation bond strength between the clay clusters. The clay stabilized by XRD showed no reduction in the intensity of the reflection of the both quartz and kaolinite throughout the curing times. This implies that the amorphous silica from the glass of the BA is more reactive in dissolution in the CCR than the crystalline phase of quartz and kaolin in clay.
INTRODUCTION
Fine-grained soils without stabilization are unsuitable for earth structures and pavement. The chemical stabilization is one of the extensively used techniques to improve the engineering properties of fine-grained soils. Portland cement is commonly used for this stabilization in Thailand. The resistance to compression and consequent strength development increase with increasing curing time. However, the high unit cost and energy intensive process of Portland cement is driving a search for alternative cementitious additives. For fine-grained soils, which contain high natural pozzolanic materials, Ca(OH) 2 rich materials can be used to produce a moderately high strength geo-material 1 . The cementing property is identified as a pozzolanic reaction. The stabilization of clayey soils by CaCl 2 and fly ash (FA) reduces the plastic index and improves the workability 2 . The optimum proportion of fly ash definitely takes part in the improvement of strength and compressibility 3 . Fly ash disperses large clay-cement clusters formed due to physicochemical interaction into smaller clusters, hence increasing the surface reaction for hydration and pozzolanic reactions and producing larger amount of cementitious products. As a consequence of the widespread use of biomass fuels for combustion process in Thailand, an agricultural based country, plentiful amounts of biomass ash (BA) are produced and accumulated for further disposal. Certain kinds of BA such as those from rice husk, pine chips, and sugar cane straw contain high amounts of alumina and silica, and when combined with Ca(OH) 2 cause the pozzolanic reaction in the presence of water 4 . To improve the economic and environmental impact, some waste Ca(OH) 2 rich materials can be used together with waste BA to develop a cementitious material. Calcium carbide residue (CCR) is a by-product of the acetylene production process, which contains mainly Ca(OH) 2 . During the 1990s, a large amount of CCR in slurry form, which was estimated at 21 500 t/year, was left over www.scienceasia.org on the detention ponds for sun drying 5 . Its production is described as CaC 2 + 2 H 2 O − − → C 2 H 2 + Ca(OH) 2 , so 64 g of calcium carbide (CaC 2 ) provides 26 g of acetylene gas (C 2 H 2 ) and 74 g of CCR in terms of Ca(OH) 2 . Compared to hydrated lime, CCR has similar chemical and mineralogical compositions except for the presence of carbon (≈ 2%) in the CCR 1, 6 . The roles of CCR and hydrated lime on the stabilization of soft clayey soil are the same. Rafalko et al 7 explained that for the short term reaction, high concentrations of calcium ions initiate the ion exchange with cations on the clay surface. A weak dispersed structure of clay then turned to a strong flocculated one. The increase in the pH of soil water by Ca(OH) 2 causes a gradual dissolution of the silica and alumina from clay. The dissolved silica and alumina then react with calcium ions and produce calcium silicate hydrate and calcium aluminate hydrate by the long term mechanism, pozzolanic reaction.
A mixture of the proper combination of CCR and BA (CCR:BA = 60:40) has been found suitable to stabilize the soft Bangkok clay 8 . The pozzolanic reaction took place when CCR reacted with the dissolved silica and alumina from clay and BA. The use of CCR and BA as a cementing agent refine the microstructure of the stabilized clay, resulting in the improvement of engineering properties (strength, compressibility, permeability, and durability). The microstructure refers to fabric that is the arrangement of the particles, particle group, and pore spaces in the soil as well as cementation. A cluster is a grouping of particles or aggregates into large fabric units and the fabric is composed of groupings of clusters 9 . The microstructure development due to the chemical stabilization has not been well established so far. It is however fundamental to be examined for better understanding and analysing the engineering properties of the CCR and BA stabilized clay.
This paper aims to examine the effects of initial water content, binder content, and curing times on the unconfined compressive strength of the CCR and BA stabilized clay for the short and long term periods. The strength development is then analysed based on the microstructural consideration. Scanning electron microscope (SEM), X-ray fluorescence (XRF), and X-ray diffraction (XRD) were employed to identify the cementitious products from pozzolanic reaction.
MATERIALS AND METHODS

Materials
Soft Bangkok clay from Bangkapi District, Bangkok was collected at a depth of approximately 4 m. The The maximum dry density and optimum water content (OWC) of the clay under standard Proctor energy were 14.4 kN/m 3 and 21.5%, respectively. The CCR, a greyish white coloured solid, was collected from a detention pond of the Sai 5 Acetylene gas factory in Nakhon Pathom province. It was oven dried at 200°C for 4 h. BA generated from the combustion process of the National power supply plant in Chachoengsao province was used in this study. The biomass was composed of 42% rice husk, 24% bark, 23% eucalyptus chips, and 6% board. It was grounded to smaller sizes by a Los Angeles abrasion machine prior to passing through sieve No. 325 (45 µm). The specific gravities of CCR and BA were 2.25 and 1.95, respectively. The binders were mixed with distilled water at water to solid ratio of 2:1 prior to pH measurement. The pH of CCR and BA at 20°C was 12.6 and 9.3, respectively, using a Lab 850 set Schott pH meter. The chemical compositions and major crystalline phases of the raw materials (clay, CCR, and BA) were identified by the XRF and the XRD analyses.
The chemical compositions of the raw materials are summarized in Table 1 . The CCR contained 80% CaO, almost the same as hydrated lime. The BA mainly consisted of SiO 2 but contained low CaO. The XRD analysis ( Fig. 1 ) indicated that Bangkok clay mainly consisted of quartz and kaolinite. Moreover, the XRD pattern of the BA demonstrated the substantial amorphous phase structure at 2θ from 3- Intensity (a.u.)
2 -Theta -Scale 20°and peaks of crystalline quartz and cristobalite. The presence of diffuse reflection at 22°< 2θ < 26°r epresented the amorphous silica 10, 11 . Although the XRF results show that CaO content in the BA was approximately 6%, the main peaks of portlandite (Ca(OH) 2 ) were not observed. Therefore, the BA itself does not act as a cementing agent. The detected crystalline substances found in the CCR were portlandite, calcite (CaCO 3 ), and carbon. The detection of calcite in the CCR was the consequence from the carbonation of Ca(OH) 2 
Methods
The test mixtures were prepared to observe the strength and microstructure development in the stabilized clay for different initial soil water content, binder content, proportion of CCR and BA (CCR:BA), To preserve water content in soil, specimens were cured in plastic sheet under controlled temperature at 20 ± 1°C until desired curing times. The strength tests were performed after 7, 28, 90, and 150 days of curing. The rate of vertical displacement was fixed at 1 mm/min. Under the same testing conditions, at least eight samples were tested to ensure the test consistency. For all tests, SD/x is less than 10%, where SD is standard deviation andx is arithmetic mean.
A JEOL JSM 6301F SEM was used to study the changes in microstructure of stabilized soil samples at different mix proportions and curing times. An energy dispersive X-ray spectroscopy (EDS) unit was used to figure out the chemical compositions of interesting crystals. The results from SEM with EDS provide information on pozzolanic products that substantiate the identification of chemical compounds by XRD. The stabilized samples were broken into small fragments at every testing date. The fractured specimens were then dried at 105°C for 24 h to evaporate the residual www.scienceasia.org highest strength is at a soil water content slightly lower than the OWC, which is typical for compacted clay 14 . The stress-strain curves of soft Bangkok clay at different initial water content were presented in Fig. 4 . The natural clay on the dry side of optimum exhibits a brittle behaviour. The stiffness and strength increase as the water content increases. On the other hand, they decrease as the water content increases for the samples on the wet side of optimum.
The influence of initial water content on unconfined compressive strength of the blended CCR stabilized clay is shown in Fig. 5 . Unlike the unstabilized clay, the initial clay water content at 1.2 OWC (25.8%) provides the highest strength for the stabilized clay. This is because the lower water content is not enough for pozzolanic reaction while the higher water content causes a high water/binder ratio (W/B). The higher the W/B, the lower the strength is 13, 15, 16 . This result is the same as that of the cement stabilized clay 3, 14 . Fig. 6 shows the role of the replacement ratio on the strength development at 28 days of curing. The strength of CCR stabilized clay (CCR:BA = 100:0) is presented as a reference. The strength of the CCR stabilized clay slightly increases as the CCR content increases and then decreases when the CCR content is in excess of 15%. For the blended CCR stabilized clay, the CCR:BA ratio of 60:40 provides the highest strength for all binder content tested while the other mix ratios give slightly lower strength than the reference value (CCR:BA ratio of 100:0).
The roles of binder content for different curing times on strength development at the appropriate water content (1.2 OWC) is illustrated in Fig. 7 . The bottom panel presents the strength values of the CCR stabilized clay (no BA) at different binder content and curing times (reference values). It is noted that the strength sharply increases with the CCR content and then decreases at about 15% CCR. The decrease in the strength is caused by the unsoundness due to free lime. This characteristic is also found in concrete containing high free lime content 1 . The drastic increase in the strength of the blended stabilized clay is observed at 5-15% binders, and the strength gradually decreases when the binder content is in excess of 15% (see top panel of Fig. 7) . For low binder content (B = 5%), the strengths of the stabilized clay with and without CCR are almost the same. In other words, the replacement by the BA insignificantly enhances the strength development. The strengths of blended CCR stabilized clay are greater than those of the CCR stabilized clay when binder content are higher than 5%. The same strength development pattern is found for all the curing times tested.
The improvement by the blended CCR can be classified into two zones: active (B = 5-15%) and inert (B > 15%). For B < 5%, the natural pozzolanic material in the Bangkok clay is high enough for pozzolanic reaction; the input of the BA is not necessary. This finding is in agreement with the results of the CCR stabilized silty clay by Horpibulsuk et al 1 . The strength remarkably increases with binder content up to an optimal point (active zone) and then the strength insignificantly changes with the input of the binder (inert zone). In the active zone, the Ca(OH) 2 content from the CCR are high and the natural pozzolanic material in the clay is not sufficient for the reaction. The input of the BA increases the SiO 2 content and induces the strength development as clearly seen that the strengths of the blended CCR stabilized clay are higher than those of the CCR stabilized clay. But for a larger input of binder (B > 15%), even though the strength development is insignificant, the input of BA can improve the retardant effect from the www.scienceasia.org unsoundness caused by the excessive CCR. It should be noted that the optimal binder content is 15% and it is not economic to improve the soil with higher binder content. Fig. 8 shows the surface morphology of the Bangkok clay stabilized with 10 and 20% binder at 28 and 90 days of curing. At 28 days of curing, the 20% binder sample (Fig. 8c ) developed more aggregates than the 10% binder sample (Fig. 8a) . This implies that the 20% binder sample renders higher amount of pozzolanic products, bonding among the clay particles. The longer curing time brings about the change in microstructure of both 10 and 20% binder samples. The morphology of the 90-day samples (Figs. 8b and  8d) is denser than that of the 28-day samples. This denser morphology is caused by the filling of the cementitious products from the pozzolanic reaction in the pore space. The denser morphology with curing time is associated with the strength increase. Fig. 9 shows SEM images with EDS of the stabilized clay with 30% binder at 28, 90, and 150 days of curing. A very long single rectangular crystal is observed in the stabilized sample that was cured for 28 days (Fig. 9a) . The result from the EDS reveals that this crystal is mainly composed of Si, Ca, Al, and O. The SEM image of the 90-day specimen (Fig. 9b) illustrates that the stabilized clay particles are coated with massive fibrous calcium aluminate silicate hydrate (C-A-S-H) crystals in the areas of A1 and A2. Further, the small rectangular C-A-S-H crystals in area A3 are attached on the edge. When the curing time is prolonged to 150 days, the large aggregated crystals (area A4) are noticed with a background of cluster plates of clay (Fig. 9c) . This close-up image also shows the stacks of dipyramid-like crystals that are suspected to be gismondine 17 . Fig. 9d exhibits the filling of C-A-S-H products (areas A5.1 and A5.2) in the spaces among the low Ca content crystals (area A6), supposed to be clay particles. The occurrence of these C-A-S-H compounds is the evidence showing the pozzolanic reaction in the blend of hydrolysed CCR and natural pozzolan. The high pH solution of Ca(OH) 2 (pH 12.5) initiated the rapid dissolution of amorphous Si at room temperature 18, 19 . The similar effect on dissolution of Al 2 O 3 was due to its lower bonding energy compared to Si-O bond 19 . The dissolved Al and Si then reacted with Ca 2+ ions and consequently formed various types of C-A-S-H in Bangkok clay.
Microstructural analysis
The XRD results of 30% binder samples (Fig. 10) either dissolved CaSO 4 or CaSO 3 producing ettringite. This is the so-called sulpho-pozzolanic reaction. This reaction leads to the dissociation of glass structure and eventually a denser structure and higher strength 20 . The results from XRF and XRD of Bangkok clay indicate that the sulphur content in the clay is the crystalline phase of gypsum (CaSO 4 · 2 H 2 O). This gypsum accelerates the interaction between CCR and BA, forming the hydration products such as ettringite and amorphous calcium silicate hydrate [20] [21] [22] . The presence of bipyramid C-A-S-H crystals from SEM images (Fig. 9c) confirmed the identification of gismondine by XRD examination. On the evidence of these results, the soil improvement by CCR and BA with the most suitable proportion (60:40) can raise the pH and accelerate the pozzolanic reaction, which forms C-A-S-H compounds. Although the main peaks of gismondine are masked by quartz, a comparative examination of the intensity of reflections at different curing times shows that a peak of gismondine at 28.494°2θ at 150 days is much more intense compared to those of 28 and 90 days as the result from the progress of pozzolanic reaction. Based on this observation, gismondine is the main cementitious product that contributes to the long term strength development in clay. Antiohos et al 23 examined the microstructure of activated FA with quick lime by SEM, XRD, and mercury intrusion porosity. They explained that the faster liberation of amorphous silica from the glass phase of FA in the presence of lime causes the formation of gismondine (and some gehlenite). Gismondine is responsible for filling the pores and for the reduction of porosity in concrete.
For clay stabilized with CCR and BA, the decrease in the intensity of the reflection of either quartz or kaolinite by XRD is not depicted as the progress of curing. Succinctly, the amounts of these Si compounds hardly change with curing time. It provided the conclusion that amorphous silica from the glass of BA could be more reactive in dissolution in CCR than the crystalline phase of quartz and kaolin in clay.
CONCLUSIONS
The stabilization of soft Bangkok clay by the mixture of CCR and BA increases the unconfined compressive strength and improves the microstructure due to the pozzolanic reaction. The strength development depends on certain key factors: CCR:BA ratio, soil water content, binder content, and curing times. This study leads to the following conclusions: (1) The initial soil water content of 1.2 OWC is the most appropriate mixing state for the initiation of physical and chemical processes. The CCR:BA ratio of 60:40 is the most suitable proportion in achieving the maximum strength of stabilized clay. (2) The strength development in the stabilized clay is classified into two zones: active (B = 5-15%) and inert (B > 15%). The 15% binder is the appropriate quantity or the practical amount for the stabilization of Bangkok clay. In the active zone, the input BA increases the SiO 2 content and induces the strength development. The high CCR content in the inert zone causes unsoundness due to free lime, hence insignificant strength development. (3) Ettringite and gismondine are the main products found in stabilized clay with the blend of CCR and BA at room temperature. Gismondine is responsible for the long term strength gain. The hydrolysis of CCR with water causes the very high pH solution and then rapid dissolution of amorphous Si and Al as well. Amorphous Si from BA is the reactant in pozzolanic reaction because of its high reactivity in base solution comparing the other Si oxides in clay. (4) The denser clay structure is observed for higher binder content due to the growth of the cementitious products from pozzolanic reaction. Over the curing times, the silica from the BA and clay is gradually dissolved and reacted with the CCR to form supplementary cementitious products (C-A-S-H), leading to the subsequent filling of pore space and the higher strength.
